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Abstract
We present our recent development of superconducting detectors for measurements of cosmic microwave background.
We have fabricated antenna-coupled superconducting tunnel junctions (STJs). Two diﬀerent types of STJs have been
fabricated: the parallel-connected twin junction and the microstrip. Both types of STJs made of Nb and Al have suc-
cessfully detected 80GHz millimeter wave radiation with photon-assisted tunneling. We have also developed microwave
kinetic inductance detectors (MKIDs). The MKIDs oﬀer us high multiplexing factors with a single readout line using
the frequency-domain readout. We have developed abosrption-type and transmission-type MKIDs whose resonators are
formed with either coplanar waveguides (CPW) or microstrips. The quality factor of the CPW MKID made of Nb is
measured to be about 105. The microstrip MKID is being developed for the multichroic measurements.
c© 2011 Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for TIPP 2011.
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1. Introduction
In an attempt to understand the mechanism of inflation in the early universe, it is essential to observe
the B-mode polarization patterns of the cosmic microwave background CMB. The pattern is known to carry
information on the primordial gravitational waves which were generated during the inflation period. To
detect the B-mode polarization, we plan to launch the LiteBIRD satellite (Lite Satellite for the studies of
B-mode polarization and Inflation from cosmic background Radiation Detection) [1]. This is one of the
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small satellite working groups at JAXA. LiteBIRD requires 2000 detectors having a capability of detecting
a frequency range from 50 to 250 GHz with ultra low noise. The noise level must be comparable to the
photon shot noise of 10−18 W/
√
Hz. Candidates of the ultra low noise detectors are the superconducting
detectors: the TES bolometer, the STJ and the MKID. We focus on the development of the STJ and the
MKID in this article. The development of the TES bolometers are presented elsewhere [2].
One advantage of using STJ is that it has a fast response of microseconds, thus, reducing the dead
time caused by the cosmic ray signal in space. Another advantage is that it, in principle, can cover a wide
frequency range of 50 to 250 GHz using either photon-assisted tunneling or Cooper-pair breaking with pure
Al. The MKID has the significant merit; a thousand of detectors can be readout using a single line with the
frequency-domain readout. Other advantages include simplicity of fabrication procedures and no need for
supplying bias voltages.
2. Developments of the STJs
The STJ [3] uses an SIS (superconducting-insulator-superconducting) tunnel junction to detect mil-
limeter waves. The insulator is aluminum oxide and has a thickness of about 1 nm in our case. For the
superconductor, we use either the combination of Nb and Al, or pure Al. The former gives a higher gap
energy than the latter (∼ 0.34 meV) because of the proximity eﬀect. Therefore the latter is suitable for
covering low frequency regions of the requirement for LiteBIRD. We, however, fabricate Nb/Al junctions
for the first time because the fabrication procedure is well established and they are thus useful for verifying
basic functions.
The STJ detects millimeter wave photons using two diﬀerent methods. The first is Cooper pair breaking.
A photon having the energy greater than the superconductor gap energy (2Δ) can break a Cooper pair,
and generates two quasiparticles. The quasiparticles can penetrate the insulator potential barrier through
quantum tunneling, and are detected as an electric current. A photon with energy below 2Δ can also be
detected with photon-assisted tunneling. A valence electron can directly penetrate the insulator and goes up
to the conducting band with the assist of the photon energy.
We have designed an antenna-coupled STJ detector consisting of the parallel-connected twin junction
(PCTJ) [4] as shown in Fig. 1. The diameter of the STJ is 7 μm. The antenna is a log-periodic antenna that
has a wide bandwidth. The millimeter wave radiation received by the antenna is transmitted to the PCTJ
through the transmission line. The width and the length of the transmission line are tuned in order to match
the impedance between the antenna and the PCTJ. The distance between the STJs and the length of the
transmission line are carefully tuned so that it detects the desired frequency photons. The PCTJ combined
with the inductance induced by a microstrip line between the two STJs forms a resonant circuit. A single
STJ is modeled as a circuit having a resistor and a capacitor in parallel as lumped elements. The two STJs
are placed in parallel with an inductance between the STJs in series. The resonant circuit can accumulate
the millimeter wave power. The stored power creates quasiparticles that are extracted by the bias voltage
applied to the STJs through the readout line connected to the antenna.
We have fabricated the antenna-coupled PCTJ detectors using the common lithography technique at
KEK as shown in Fig. 1. The detector is placed in a 0.3K 3He sorption refrigerator and cooled down. To
irradiate the PCTJs with millimeter waves from the source outside, we have opened holes in the refrigerator
wall and placed polyethylene filters at the outermost wall and inner 77 K and 4 K shells. To make a parallel
beam of 80GHz millimeter wave radiation, we construct an optical system using polyethylene lenses. A
metal screen containing a pattern shown in Fig. 2 is placed between the lenses, and is scanned by a 0.5 mm
step using a two dimensional stepping stage. For each step, we measure the intensity of the electric current
from the STJ detector. Figure 2 shows the obtained image with this scan.
The PCTJ detector, however, has some drawbacks. The fabrication of PCTJ requires a fine control
in forming the insulator; the resistance and capacitance values strongly depend on the condition of the
insulator formation. Any changes of these values shift the impedance of the resonant circuit and thus cause
an impedance mismatch between the transmission line and the PCTJ. In addition, the PCTJ has a narrow
bandwidth of about 10% as shown in Fig. 3 obtained by an electromagnetic simulator [5]. The narrow
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Fig. 1. Antenna-coupled PCTJ detector. Left figure shows the pattern of the four detectors fabricated on a 5 × 5 mm2 silicon chip.
Right figure depicts a cross-sectional view of the PCTJ.
Fig. 2. Metal mask (left) and its image taken with the PCTJ detector at 80 GHz (right).
bandwidth allows a small tolerance in the variation of the STJ resistance and capacitance, and is not suﬃcient
for LiteBIRD that requires the bandwidth of 30%.
To overcome the diﬃculties, we are newly developing a microstrip STJ, which is first proposed by
T. Noguchi and first developed by S. Ariyoshi [6]. The microstrip line has an impedance independent of
the millimeter wave frequency. This characteristic makes it easier to match of the impedance between the
antenna and the STJ, and enables a large bandwidth. This is demonstrated by the simulation as shown in
Fig. 3. The designed microstrip STJ is found to have a bandwidth of 30%.
We have successfully fabricated an antenna-coupled microstrip STJ detector as shown in Fig. 4. The
STJ is made of Nb and Al. The microstrip lengths are 60, 40 and 20 μm for the central frequencies of 60,
100 and 150 GHz, respectively. Figure 5 shows an IV curve of the microstrip STJ detector measured at
a temperature of 0.3 K. The gap energy is 5.2 meV, within the expectation considering the Nb proximity
eﬀect. We have irradiated millimeter wave radiation with diﬀerent frequencies. The step structure at the
sub-gap edge shown in Fig. 5 is a signature that the microstrip STJ detector detects the millimeter wave
radiation with photon-assisted tunneling.
3. Developments of MKID
The MKIDs [7] consist of many high-quality-factor microwave resonators that are capacitively coupled
to a single feedline readout through a HEMT or SQUID amplifier. With the frequency-domain multiplexing
scheme, MKIDs allow us to have much higher multiplexing factors, and lower power consumption and heat
load than other superconducting detectors. we have developed an absorption-type MKID consisting of res-
onators with lengths of a quarter of the microwave wavelength and a transmission-type MKID consisting of
resonators with lengths of a half of the microwave wavelength. For LiteBIRD, we have also developed a new
MKID readout system that can track the resonant frequency change and hence provides us a larger dynamic
range required by LiteBIRD [8]. Figure 6 shows equivalent circuits for the absorption and transmission type
MKIDs.
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Fig. 3. ReÀectivity as a function of the frequency. Left and right ¿gures are for the PCTJ and the microstrip STJ, respectively.
Fig. 4. Antenna-coupled microstrip STJ. Left ¿gure shows a SEM image of the fabricated device. Right ¿gure depicts a cross-sectional
view.
Fig. 5. IV curves with and without the millimeter wave irradiation. The horizontal and vertical axes represent the bias voltage applied
and the measured current, respectively, in the STJ detector.
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Fig. 6. Equivalent circuits for the absorption-type (left) and transmission-type (right) MKIDs.
Fig. 7. Typical S 21 measurement results for the absorption-type (left) and transmission-type (right) MKIDs. Measured quality factors
are 150,000 (left) and 90,000 (right).
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Fig. 8. Resonant frequency shift of the Al MKID with the 96GHz millimeter wave irradiation at 0.3 K (left) and quality factor
measurements as a function of temperature using a dilution refrigerator (right).
We have fabricated both types of MKIDs with resonators having a structure of the coplanar waveguide
(CPW) and the microstrip. To demonstrate the performance of the MKIDs, we first have fabricated a Nb
MKID consisting of CPW resonators, as the CPW structure is easy to fabricate and Nb has a high critical
temperature (9.3 K) which enables us to use a 0.3 K sorption refrigerator for the evaluation. Figure 7 shows
the resonance peaks for the absorption and transmission type MKIDs. The quality factors are measured
to be 150, 000 and 90, 000, respectively. We also fabricated an Al MKID with the same design. The Al
MKID is placed in the sorption refrigerator and cooled to 0.3K. We have irradiated 96 GHz millimeter wave
radiation to the MKID and observed the resonant frequency shift shown in the left figure of Fig. 8. We
use a dilution refrigerator to cool the Al MKID to 0.1 K and measure the quality factors as a function of
temperature. The right figure in Fig.8 shows the temperature dependence. Above 0.25 K, the quality factor
increases as the temperature decreases as expected. However, the quality factor saturates at about 0.2 K.
The quality factor of the Al MKID is measured to be about 3 × 104, one third of that of the Nb MKID. The
reason of obtaining the low quality factor is under investigation. We are now improving the quality of the
fabrication process using higher-purity Al with an electron beam evaporator to form a thin Al film and using
an inductive coupled plasma reactive ion etching to form sharper edges.
We also fabricated microstrip MKIDs. As a microstrip MKID consists of multi-layers, it can be devel-
oped to a multichroic measurement device. The microstrip MKID consists of a CPW feedline, microstrip
resonators and an insulator layer between them. We are using silicon oxide as the insulator layer. The
thickness of the insulator layer is typically 0.5 ∼ 1.0 μm. The left figure in Fig. 9 illustrates the microstrip
MKID structure. The right figure in Fig. 9 shows a resonant peak in the S 21 measurement of a Nb microstrip
MKID. A quality factor of 104 is obtained. Currently a high quality factor is not obtained for the microstrip
MKID. The reason of the low quality factor is under investigation.
Figure 10 shows our design for four or five band multichroic measurements. The original design of
the multichroic readout using a sinuous antenna has been developed for TES bolometers by the Berkeley
group [2]. We apply this design to the microstrip MKID. The millimeter wave is received by a broadband
sinuous antenna. The microstrip lines capacitively coupled to the antenna are fed to frequency filters and
connected to the resonators where the Cooper pairs are broken.
4. Summary
We have been developing the STJ and the MKID detectors for the LiteBIRD satellite.
Two types of STJs have been fabricated. With the antenna-coupled PCTJ detector, we have successfully
taken an image with 80 GHz millimeter wave radiation. The Nb/Al antenna-coupled microstrip STJ detector
is fabricated and detects millimeter wave radiation of about 80GHz with photon-assisted tunneling. An
antenna-coupled microstrip STJ detector made of pure Al is being fabricated.
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Fig. 9. Structure of a microstrip MKID (left) and measured resonant peak (right).
Fig. 10. Design for a four or five band multichroic MKIDs.
We have fabricated the absorption-type and transmission-type MKIDs. Both types of Nb MKIDs con-
sisting of resonators formed with the CPW yields a quality factor of 105. The transmission-type CPW MKID
made of pure Al detects 96 GHz millimeter wave radiation. We find that the quality factor of the Al MKID
is three times as small as that of the Nb MKID, and saturates below 0.2 K. Improvements of forming a thin
Al film and the pattern in the fabrication process are being made. We plan to fabricate the microstrip MKID
consisting of a sinuous antenna coupled to frequency filters.
Acknowledgements
This work is supported by MEXT and JSPS with Grant-in-Aid for Scientific Research on Innovative
Areas 21111003 and for Young Scientists A 2268400903, and KEK Detector Technology Project.
References
[1] http://cmb.kek.jp/litebird/
[2] Roger O’Brient, Peter Ade, Kam Arnold, Jennifer Edwards, Greg Engargiola, William Holzapfel, Adrian T. Lee, Michael Myers,
Gabriel Rebeiz, Member, IEEE, Paul Richards, and Aritoki Suzuki, ”A Log-Periodic Channelizer for Multichroic Antenna-
Coupled TES-Bolometers”, IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 21, NO. 3, JUNE 2011
[3] I. Giaever, Phys. Rev. Lett. 5, 147 (1960); I. Giaever, H. R. Hart and K. Megerle, Phys. Rev. 126, 941 (1962).
[4] S. Ariyoshi, C. Otani, A. Dobroui, H. Matsuo, H. Sato, T. Taino, K. Kawase and H. M. Shimizu, J.J.A.P Vol. 45, No. 37, L1004
(2006).
[5] http://www.sonnetsoftware.com/
[6] T. Nougchi, private comunication; S. Ariyoshi et al., in preparation (2011).
[7] B. A. Mazin, B. Bumble, P. K. Day, M. E. Eckart, S. Golwala, J. Zmuidzinas, and F. A. Harrison, Appl. Phys. Lett. 89, 222507
(2006.)
[8] K. Hattori et al., in preparation (2011).
